Introduction
The blood lactate response to exercise has long been recognised as providing useful insight into the metabolic demands of exercise. The lactate threshold (LT), defined as the oxygen uptake, or work rate, above which a sustained accumulation of lactate is observed in arterial blood, 1 is an attractive measure for providing physiological support to athletes and coaches since it is sensitive to training, [2] [3] [4] [5] relates to performance 2, 6, 7 and can be used for prediction of performance or training prescription. 3 There is little argument that blood lactate concentration ([La - ]) is relatively unchanged, or increases very slightly, for exercise intensities below LT and then progressively increases above LT. However, there are a variety of complexities associated with measurement and interpretation of the LT. There are a range of competing theories regarding the mechanisms responsible for the blood lactate profile during incremental exercise 3, 8 and this is one contributing reason for the wide-ranging terminology used, often interchangeably, to describe interrelated phenomena. Further assumptions requiring consideration concern the issue that lactate is typically measured in the blood rather than the muscle, and therefore [La - ] reflects a balance of lactate production, transport from the muscle into the blood and clearance from the blood to other muscles and organs for subsequent oxidation or gluconeogenesis. 9 Additional confounding factors include the site of blood sampling, assays for lactate analysis, diet and the environment. ] curve. Evidence of this is provided by Tokmakidis et al., 10 who applied a variety of published methods for determining LT to the same data-set and reported LT to occur between 79 and 92% of maximal oxygen uptake, a considerable range for a measure requiring accuracy.
Despite such limitations [La - ] analysis is routinely conducted in swimming, 6, 11 although this is a sport that has been less researched presumably due to the difficulties in effectively controlling work rate in the pool. 12 It is nonetheless a sport with a significant aerobic component, particularly in longer distance events (1500 m and longer), with shorter events also estimated to require a balance of aerobic and anaerobic contributions. 6, 13 
Methods

Participants
Eight male swimmers (mean ± SD; age 15 ± 1 year, body mass 76.0 ± 5.5 kg, height 181 ± 4 cm) with at least 6 years experience at National level (one British Youth squad member, three Scottish Youth swimmers, and four Scottish East District Team members) participated in the study. Freestyle personal best times for 200 m ranged from 1:58 -2:07 (min:s). Participants were deemed to be short-to-middle distance swimmers in competition (100 -400 m) and all participated in a periodised annual training programme, training between 6 and 9 two-hour sessions per week for 50 weeks each year. Training volume had averaged ~ 20,000 km of pool training in the previous year leading up to the study. Participants, who were all familiar with the testing equipment and protocols to be used, provided written informed consent (with parental consent for minors), approved by the School Ethics Committee.
Study design
This repeated measures research investigation was designed to be mainly observational, 17 the athletes being monitored before and after periods of training that were already planned, rather than a controlled intervention study. This approach was deliberately implemented as it would be impractical (lack of volunteers) and potentially unethical 17 to exclude a number of competitive athletes from training throughout the duration of the study (part of a competitive season) and there would be little scientific value in using a different population as a control group. Swimmers were initially tested one week apart (WK1 and WK2) to establish the reliability of the incremental protocol in this population. The athletes were tested a third time at the end of a 9-week training macrocycle early in the season that was predominantly aerobic in nature (WK9), and again a fourth time following a further 11-weeks of training that was focussed on aerobic and anaerobic endurance (WK20). Training 20 and the velocity at which an increase of 1 mM above baseline was observed (v ∆1mM ). 21 The approaches used were chosen from a wide selection (Introduction) as, excluding the simplistic linear interpolation, they did not rely on derivatives of any complex data models and hence we made no assumptions regarding the kinetics of the response or their underpinning mechanisms. For example, the formula of Pyne et al. 16 was not repeated as this required use of a mathematical model to determine the slope and intercept, the details and physiological rationale for which
were not presented.
The HR-velocity relationship was also plotted and a linear regression was performed, the resultant equations were solved for each of the three velocities determined using the lactate-velocity relationship to give comparable heart rates (HR 2mM , HR 4mM and 
Results
Reliability
Means and standard deviations for the velocities, lactate concentrations and heart rates measured in the test-retest reliability trials (WK1 -WK2) are shown in Table 1 , along with reliability measures of Typical Error, the shift in the mean and the IntraClass Correlation.
Training-induced changes
With the repeated identical velocity protocols used, all velocity measures at fixed blood lactate markers showed some significant improvements (increases) over the time period investigated between WK1, WK9 and WK20 (Figure 1a) . and WK20 (mean difference of 2.00 mM, 95CI% of 0.895 to 3.105, P < 0.01).
The only significant differences in any of the HR data were for those at v ∆1mM (F 2,10 = 5.327, P < 0.05) between WK1-WK20 (mean difference 14 beats.min -1 , 95%CI 2 to 27, P < 0.05) and between WK9-WK20 (mean difference 13 beats.min -1 , 95%CI 3 to 23, P < 0.05) but not between WK1-9. All other changes in HR were not significantly different ( Figure 1b) .
Discussion
This investigation has demonstrated that an audio-paced 7 x 200m incremental swimming test is reliable and sensitive to changes in physiological response and performance in national-level young male swimmers following training. The blood lactate response was more reliable and influenced more by training than the heart rate response.
Reliability of protocol
The reliability measures obtained compared well with those reported by other studies. Also, it has been noted by Hopkins 22 that limits of agreement are too large as a reference range for making a decision about a change in a participant's measurements, a statement supported by Grant et al. 24 Therefore, the current study used the more sensitive measure of typical error as proposed by Hopkins.
22
Intraclass correlations were diverse for the dependent variables measured. 22 has pointed out that intraclass correlations are not a single suitable measure of reliability for homogenous samples (as studied here), and that shift in the mean and typical error are better indicators of reliability. In these two measures, the present study showed good reliability for all dependent variables when compared to published literature, although those for HR were typically less than velocity.
It is worth highlighting that although the homogenous fitness levels of this group of swimmers permitted the use of the same velocities for these tests, it is relatively straight-forward to individualise the protocol according to initial swimming performance. A useful approach in this regard is the calculation of Pyne et al. Aside from the aforementioned differences in increments to be used with more senior elite swimmers the test should certainly prove at least as reliable in this population, indeed these more experienced swimmers may be more efficient at self-pacing. Presumably the heart rate measurement in this population would also prove more reliable with poolside measurement due to more experience, although the use of heart rate monitors during swimming would introduce less error than post-swim measurement. Additionally, despite only freestyle being examined here, the approach of Pyne et al. is suggested to apply equally to the other three swimming strokes.
Responses to training
The right-shift in the lactate-velocity relationship observed in this study is the classic training response observed for a range of sports following aerobic training. 3 However, since no control group could be used in the current investigation it is not possible to conclusively attribute the observed responses completely to training. Nonetheless, it is highly likely that training was the main factor responsible for the significant approximately half the intra-subject variability) might be as low as 0.5 %. In the current study, improvements of 0.9 to 2.5% and 2.1 to 6.5 % were found in the velocity measures between WK1-9 and WK1-20 respectively. These changes are greater than those of Stewart and Hopkins 28 and also larger than the typical error values for the same variables (0.66 to 2.30 %) reported in the current study, suggesting real improvements were made over the period of investigation. Heart rate data were more equivocal, with changes of -2.8 to 1.7 % and -0.5 to 9.3 % indicating greater intra-and inter-subject variability.
Given the population investigated it is worth highlighting that the improvements may have been slightly larger if more mature participants had been used. Whilst conclusive answers are not always available regarding the effects of growth and maturation on sport and physiological performance, the majority of evidence suggests that, if
anything, children have a higher lactate threshold than adults relative to their maximal oxygen uptake and that as they mature the relationship tends to shift to the left. 30 Therefore, the current results tend to imply that the training responses are very likely to be real, especially given the relatively short time period studied. Although other minor factors such as diet, environment and hydration status cannot be excluded, these were controlled to an extent that was routine for the swimmers investigated and that is both realistic and achievable for swimmers without physiological measurement. It is acknowledged that tighter control of these factors by future investigators may further improve the reliability of the protocol The observed improvements in v PEAK make it less likely that glycogen depletion was a factor causing the improvements observed in the current study. 15 That there was no significant training effect of the HR response during this protocol is somewhat surprising, as Foster et al. 31 showed that the [La That the improvements observed in v 2mM and v 4mM did not necessarily occur at the same times (e.g. WK1-WK9 vs. WK9-WK20) may be related to slight differences in training during these periods or the large variations in the individual responses to training observed here. Additionally, a Type I error caused by the relatively low participant number may mean that with a larger group all of the improvements may have been significant. Previous research has often focused on hypothesis testing within groups of swimmers, whereas it may be more appropriate to examine individual responses to training that can be large enough to be of practical importance, yet not statistically significant within a group. 7, 26, 32 There is certainly good confidence in the reported improvement of v PEAK , or rather the duration of the final 200 m split. In addition to those physiological factors discussed, many other factors (e.g. biomechanical) may have contributed to this improvement.
Of course the question remains whether the observed improvements would actually have translated to improved competition performance, had there been any at this time of year. Under such circumstances, where even more factors (e.g. psychological) are likely to play a role, it is possible that performance may not be improved despite improvements in LT and v PEAK , as found by Pyne et al. 16 However, their subjects were truly elite with an average world ranking of 11 and at that level it is certainly harder to achieve significant improvements in performance.
Practical Applications
It is important during monitoring of performance and physiological fitness that every effort is made to standardise testing and minimise error. The velocity during conventional incremental swimming tests has often been controlled voluntarily by the participant, but this study proposes that an audio-pacing device can be used during such testing to ensure that velocity is controlled effectively not only between, but also within, splits. The protocol can easily be adapted for use in 50 m pools as well as with more senior experienced swimmers using personal best times as a frame of reference.
It is recommended that heart rate monitoring during swimming be used in future in place of immediate post-exercise heart rate measurement as this proved to be less reliable than other measures. Large variations in the individual responses to training were observed and as such group analysis for individual sports such as swimming may not be optimal for detecting meaningful differences in physiological fitness or swimming performance.
Conclusion
An audio-paced incremental step test is reliable for use in young competitive swimmers and is sensitive to training-induced changes, especially in lactate response. 
